Cytochrome c Deficiency Causes Embryonic Lethality and Attenuates Stress-Induced Apoptosis  by Li, Kang et al.
Cell, Vol. 101, 389±399, May 12, 2000, Copyright ª 2000 by Cell Press
Cytochrome c Deficiency Causes Embryonic Lethality
and Attenuates Stress-Induced Apoptosis
genetic studies in mice. Targeted disruption of murine
genes encoding caspase-3 (Kuida et al., 1996; Woo et
al., 1998), Apaf-1 (Cecconi et al., 1998; Yoshida et al.,
Kang Li,* Yucheng Li,² John M. Shelton,*
James A. Richardson,³ Erika Spencer,§
Zhijian J. Chen,§ Xiaodong Wang,²
1998), or caspase-9 (Hakem et al., 1998; Kuida et al.,and R. Sanders Williams*§#
1998) results in prenatal or perinatal death of homozy-*Department of Internal Medicine
gous null animals, which exhibit prominent overgrowth²Department of Biochemistry
of neural structures based on a failure of developmen-³Department of Pathology
tally mediated apoptosis. Cells derived from these§Department of Molecular Biology
knockout mice demonstrate defects in response to akHoward Hughes Medical Institute
variety of apoptotic stimuli. However, T lymphocytesUniversity of Texas Southwestern Medical Center
from mice lacking Apaf-1 or caspase-9 undergo apo-Dallas, Texas 75390
ptosis normally in response to TNFa or antibodies that
function as agonists for Fas receptor signaling (Hakem
et al., 1998; Yoshida et al., 1998). These observationsSummary
have supported the notion of discrete apoptotic signal-
ing pathways (reviewed in Green and Reed, 1998; VauxCytochrome c released from mitochondria has been
and Korsmeyer, 1999): a ªcellular stressº or ªmitochon-proposed to be an essential component of an apo-
drialº pathway dependent on cytochrome c, Apaf-1, andptotic pathway responsive to DNA damage and other
caspase-9; and a ªdeath ligandº or ªdeath receptorºforms of cell stress. Murine embryos devoid of cyto-
pathway mediated by other signaling proteins such aschrome c die in utero by midgestation, but cell lines
FADD and caspase-8. Both pathways converge onestablished from early cytochrome c null embryos are
caspase-3 and other proteases and nucleases that driveviable under conditions that compensate for defective
the terminal events of programmed cell death. The twooxidative phosphorylation. As compared to cell lines
pathways are thought to function in parallel, althoughestablished from wild-type embryos, cells lacking cy-
the death receptor pathway is amplified by the mito-tochrome c show reduced caspase-3 activation and
chondrial pathway in certain cell types through the pro-are resistant to the proapoptotic effects of UV irradia-
tein Bid (Li et al., 1998; Luo et al., 1998).tion, serum withdrawal, or staurosporine. In contrast,
Unlike Apaf-1, caspase-9, and caspase-3, the bio-cells lacking cytochrome c demonstrate increased
chemical function of cytochrome c proposed in thissensitivity to cell death signals triggered by TNFa.
model has not been subjected to the tests provided byThese results define the role of cytochrome c in differ-
the analysis of cells or animals bearing null mutations.ent apoptotic signaling cascades.
Since cytochrome c is required for mitochondrial respi-
ration, genetic approaches that have been applied suc-Introduction
cessfully in model organisms to characterize the func-
tion of other apoptotic signaling intermediates have notCytochrome c (Cyt c), the only water-soluble component
been useful in assessing the proposed function of cyto-of the electron transfer chain, was unexpectedly found
chrome c in apoptosis.
to promote the activation of apoptotic caspases in cell-
Here, we employ genetically modified mice to investi-
free extracts or when introduced ectopically into the
gate the importance of cytochrome c in apoptotic signal-
cytoplasm of intact cells (Liu et al., 1996; Li et al., 1997; ing pathways. Cell lines devoid of cytochrome c were
Zhivotovsky et al., 1998). In response to a variety of established from early embryos under conditions that
death-promoting stimuli, cytochrome c is released from compensate for their defect in mitochondrial respiration,
its normal position within the intermembrane space of as defined previously for culture of cells lacking mito-
mitochondria, in association with changes in mitochon- chondrial DNA (King and Attardi, 1989). In comparison
drial permeability, membrane potential, and ultrastruc- with wild-type cells, cells lacking cytochrome c are resis-
ture (Heiskanen et al., 1999). Once in the cytosol, cyto- tant to death induced by UV irradiation or proapoptotic
chrome c binds Apaf-1 with high affinity, an event that drugs and are partially resistant to the apoptotic effects
triggers oligomerization of Apaf-1/cytochrome c in com- of serum withdrawal. In contrast, the apoptotic response
plexes that activate procaspase-9 (Zou et al., 1999). to TNFa treatment is preserved and even augmented in
Activated caspase-9 in turn cleaves and activates cas- the absence of cytochrome c. We conclude that cyto-
pase-3, caspase-6, and caspase-7, which function as chrome c is required for Apaf-1-mediated activation of
downstream effectors of the cell death program (re- caspase-3 and for apoptosis provoked by common
viewed in Thornberry and Lazebnik, 1998). The funda- forms of cellular stress but not for apoptosis driven by
mental components of this pathway have been con- TNFa and the death receptor pathway.
served throughout evolution of metazoan organisms
(Rodriguez et al., 1999). Results
The importance of Apaf-1, caspase-9, and caspase-3
for the execution of apoptosis has been confirmed by Disruption of the Somatic Cytochrome c Gene
The murine gene encoding somatic cytochrome c (Cyt
c) was cloned from a genomic library isogenic to embry-# To whom correspondence should be addressed (e-mail: williams@
ryburn.swmed.edu). onic stem (ES) cells derived from the 129SVJ mouse
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determined by a competitive PCR assay (Figures 1B and
1C) and confirmed by Southern analysis and partial DNA
sequencing (data not shown).
Loss of Cytochrome c Causes Embryonic Lethality
Animals heterozygous for the targeted allele (Cyt c1/2)
are viable and fertile and exhibit no obvious phenotypic
abnormalities. However, no homozygous null (Cyt c2/2)
animals were observed among offspring of heterozygote
intercrosses, and analysis of timed pregnancies re-
vealed that Cyt c2/2 animals are not viable beyond mid-
gestation (Table 1). Embryos devoid of cytochrome c
demonstrate a profound developmental delay that is
clearly evident by day 8.5 post coitum (E8.5) (Figure 2A).
Despite their strikingly reduced size, Cyt c2/2 embryos
remain viable long enough to achieve early develop-
mental milestones. In particular, differentiated tissues
derived from all three germ layers are present in Cyt c2/2
embryos at E8.5, and both embryonic and extraembry-
onic components resemble those of wild-type embryos
at earlier developmental stages (Figure 2E). Among lit-
Figure 1. Disruption of the Somatic Cytochrome c Gene ters harvested at day 9.5 post coitum (E9.5), mutant
(A) Schematic presentation of wild-type and targeted cytochrome embryos are encased in a ball-like structure formed by
c alleles, and the gene-targeting construct. Two exons are indicated
the yolk sac and amnion (Figure 2C). These Cyt c2/2by open boxes. The start and stop codons for cytochrome c transla-
embryos have formed a primitive heart tube (Figure 2G),tion are indicated by an asterisk. The closed boxes depict the neo-
somites, and an allantois (data not shown), features con-mycin resistance cassette (neo). Arrow ªaº represents the oligonu-
cleotide primer specific for the Cyt c1 allele, arrow ªbº the Cyt c2 sistent with approximately 8 days of gestation in wild-
allele, and arrow ªcº a common primer for both the Cyt c2 and Cyt type embryos. Despite the crowding produced by the
c1 alleles. B, BamHI; E, EcoRI; H, HindIII; and TK, thymidine kinase reduced volume of the yolk sac, development up to this
marker.
stage appears to progress in a relatively normal but(B and C) Competitive PCR assay of three different genotypes: ho-
delayed manner in the absence of cytochrome c. Aftermozygous wild-type alleles (1/1), heterozygous cytochrome c null
E10.5, however, no viable Cyt c2/2 embryos were ob-alleles (1/2), and homozygous cytochrome c null alleles (2/2). The
PCR products were assessed directly (B) or after cleavage by HindIII served (Table 1).
(C), using agarose gel electrophoresis. ªWTº and ªNullº indicate PCR
products amplified from the Cyt c1 and Cyt c2 alleles, respectively.
Cells Devoid of Cytochrome c Are Defective in Cell
Growth and Mitochondrial Respiration
The ability of Cyt c2/2 embryos to survive at least to E8.5strain. A unique flanking sequence distinguishes the au-
thentic somatic cytochrome c gene from numerous made it possible to culture cells from living embryos of
both the Cyt c1/1 and Cyt c2/2 genotypes. Respiratorypseudogenes (Limbach and Wu, 1985) and from the
testis-specific cytochrome c gene (Hake et al., 1990). insufficiency and enhanced anaerobic glycolysis of Cyt
c2/2 cells are manifested by slow growth and rapid acidi-The wild-type cytochrome c allele, the targeting con-
struct containing 7.2 kb of 59 flanking sequence and 1 fication of the culture medium in comparison to Cyt c1/1
cells (Figures 3A and 3B). Viability and proliferation ofkb of 39 flanking sequence, and the targeted allele are
illustrated in Figure 1A. In the targeted allele, 3.1 kb of Cyt c2/2 cells (Figure 3C) are facilitated by supplementing
the medium with uridine and pyruvate (King and Attardi,genomic DNA including the two protein coding exons
are replaced by a neomycin resistance cassette, thereby 1989).
Cell survival pathways directed by NF-kB, PI3K/Akt,creating a functional null allele. Five ES cell clones con-
taining the targeted cytochrome c allele were isolated, and JNK (Van Antwerp et al., 1996; Nishina et al., 1997;
Brunet et al., 1999) are inactive in Cyt c2/2 cells unlessand independent lines of genetically modified mice were
generated from two of these clones. Genotypes were the cells are subjected to appropriate inducing stimuli.
Table 1. Analysis of Embryos from Intercrosses of Cyt c1/2 Mice
Normal Petite
Stage Total Embryos Petite/Total Embryos Cyt c1/1 1/2 2/2 N/A
E8.5 104 24% 25 54 17 8
E9.5 106 14% 31 60 8 7
E10.5 102 7% 32 63 7*
E11.5 97 0% 32 65
Petite, embryos that are significantly reduced in size comparing to their litter mates (see Fig. 2).
N/A, not assayed.
*, not viable.
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degradation of IkBa in response to TNFa stimulation. In
a similar manner, the PI3K/Akt and JNK pathways are
inactive in resting Cyt c2/2 cells, (Figures 3E, t 5 0 min,
3F, and 3C), but the active forms of Akt and JNK appear
with similar kinetics in Cyt c2/2 and Cyt c1/1 cells follow-
ing exposure to PDGF (Figure 3E) or UV irradiation (Fig-
ure 3F), respectively. Thus, defective mitochondrial res-
piration in cells devoid of cytochrome c does not
promote constitutive activation of these antiapoptotic
pathways.
Cytochrome c was not detectable in immunoblots of
whole cell protein extracts of Cyt c2/2 cells (Figure 3G),
providing further validation of the functional null pheno-
type in animals homozygous for the targeted allele. In
addition, whole cell protein extracts from Cyt c2/2 cells
fail to activate caspase-3 in vitro (Figure 3H) under con-
ditions in which extracts from wild-type cells promote
robust activation of caspase-3. Caspase-3 activating
activity in Cyt c2/2 cell extracts is rescued by exogenous
cytochrome c, indicating that endogenous cytochrome
c is the only component missing in this caspase activa-
tion pathway.
Cells Lacking Cytochrome c Are Resistant to Various
Types of Apoptotic Stimuli
Cell cultures derived from Cyt c2/2 and wild-type em-
bryos were subjected to four different conditions that
provoke programmed cell death in many cell types (re-
viewed in Kroemer et al., 1998). Apoptosis was scored
by DNA fragmentation (Figure 4) and chromatin conden-
sation (Figure 5). Staurosporine treatment of Cyt c1/1
cells caused massive DNA fragmentation (Figure 4A),
chromatin condensation, and cell death within 24 hr
(Figure 5F). In contrast, cells without cytochrome c are
resistant to the proapoptotic effects of the same dose
of staurosporine (Figures 4A and 5E). UV irradiation of
Cyt c1/1 cells causes cell death in a dose-dependent
fashion, with maximum nucleosomal DNA fragmentation
produced following 8 s of UV irradiation (Figure 4B). By
comparison, Cyt c2/2 cells were resistant to the proapo-
ptotic effects of UV irradiation at all doses that were
tested (Figure 4B). UV irradiation causes necrosis of
both Cyt c2/2 and Cyt c1/1 cells, as reflected by increased
numbers of dye-permeable cells without condensed
chromatin (Figures 5C and 5D). However, both chroma-
tin condensation and total cell death following UV irradi-
ation are reduced in cells lacking cytochrome c (FiguresFigure 2. Morphology of Cyt c2/2 Embryos
5C and 5D), an observation consistent with the DNA(A and B) Gross morphology of embryos representing Cyt c2/2 and
fragmentation results. Withdrawal of serum leads toCyt c1/1 litter mates at day 8.5 post coitum (E8.5) and (C and D) at
day 9.5 post coitum (E9.5). apoptosis of many cell types, and this response was
(E and F) Histologic sections of embryos from Cyt c2/2 and Cyt c1/1 evident in wild-type cells examined in our study (Figures
litter mates at E8.5 and (G and H) at E9.5, stained with hematoxylin 4C and 5H). Cyt c2/2 cells showed little or no DNA frag-
and eosin. Approximate gestational ages (6 0.5 days) were esti- mentation (Figure 4C) or chromatin condensation (Fig-
mated from vaginal plug dates and somite counts in Cyt c1/1 em-
ure 5G) within 48 hr following serum withdrawal, thoughbryos. a, amnion; h, heart; and ysc, yolk sac cavity. Bar 5 300 mm.
some degree of DNA fragmentation was evident after
72 hr (Figure 4C).
Thus, cells lacking cytochrome c are resistant to eachDNA binding activity of NF-kB was not detected in whole
cell protein extracts from either Cyt c1/1 or Cyt c2/2 cells of three conditions of cell stressÐUV irradiation, serum
starvation, and staurosporineÐthat lead to programmedin the absence of activating stimuli (Figure 3D, t 5 0)
but was stimulated by TNFa in cells of both genotypes. cell death of wild-type cells. In contrast, Cyt c2/2 cells
remain highly sensitive to apoptosis driven by TNFa.Cells lacking cytochrome c maintain IkBa at levels com-
parable to wild-type cells in the absence of inducing Doses of TNFa that, in combination with cycloheximide,
promote obvious DNA fragmentation in wild-type cellsstimuli (Figure 3D, t 5 0) but manifest rapid proteolytic
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Figure 3. Characterization of Embryonic Cell
Cultures Derived from Cyt c2/2 and Cyt c1/1
Embryos
(A and B) Growth profiles and pH measure-
ments of conditioned media of Cyt c2/2 and
Cyt c1/1 cell cultures under the same condi-
tions without any change to fresh medium.
Cells were counted after trypan blue staining
to exclude dead cells.
(C) Growth of Cyt c2/2 cells under conditions
that compensate for the defect in mitochon-
drial respiration. Cells were cultured in me-
dium with (1U/P) or without (-U/P) uridine and
pyruvate.
(D) Electrophoretic mobility shift assay for
DNA binding of NF-kB (top panel) and immu-
noblot assay for IkBa degradation (middle
panel). Cyt c2/2 or Cyt c1/1 cells were stimu-
lated with 20 ng/ml of TNFa for the indicated
time (minutes). Aliquots of 20 mg of whole cell
protein extract were examined in each lane.
An immunoblot assay of a-tubulin (bottom
panel) serves as a control for integrity of other
cellular proteins during the extraction and im-
munoblot procedures.
(E) Immunoblot of the total cellular pool of Akt
and its active, phosphorylated form (P-Akt) in
Cyt c2/2 and Cyt c1/1 cells. Cells were stimu-
lated with 50 ng/ml PDGF for the indicated
periods (0 to 60 min). Aliquots of 20 mg of
whole cell protein were examined in each
lane.
(F) Immunoblot of the total cellular pool of
JNK and its active, phosphorylated form
(P-JNK) in Cyt c2/2 and Cyt c1/1 cells. Cells
were subjected to 8 s of UV irradiation and
then examined after the indicated intervals (0
to 60 min). The unirradiated control is indi-
cated as C. Aliquots of 20 mg of whole cell
protein were examined in each lane.
(G) Immunoblot of cytochrome c in Cyt c2/2
and Cyt c1/1 cells. Each lane was loaded with
100 mg of soluble protein extracts prepared
after cell lysis in buffer A containing 1% Triton
X-100. Horse cytochrome c (HC) (Sigma) was
used as control. Bands representing cytochrome c (Cyt c) and anonymous band (asterisk) that cross-reacts with the antibody are indicated.
(H) Caspase-3 activation in vitro in the presence (1) or absence of (2) dATP and/or exogenous cytochrome c. Cellular proteins were solubilized
in buffer A containing 0.5% CHAPS, and 100 mg of the soluble proteins from Cyt c2/2 or Cyt c1/1 cells were included in the reactions. Precursor
and processed (active) forms of caspase-3 are indicated.
(Figures 4D) produce greater effects in Cyt c2/2 cells and cycloheximide (Figure 6A, lane 5), a result consistent
with the cell death data (Figures 4D and 5I).(Figure 4D). The apoptotic response to TNFa in Cyt c2/2
Cytochrome c-induced activation of caspase-3 de-cells was evident even in the absence of cycloheximide
pends on the formation of oligomeric complexes con-(Figures 4D and 5I). These results indicate that sensitivity
taining Apaf-1, cytochrome c, and caspase-9 (Zou etto programmed cell death driven by the death receptor
al., 1999). Therefore, we examined the presence of oligo-pathway is enhanced when cytochrome c is absent. A
merized Apaf-1 protein using analytical gel filtrationquantitative summary of the altered sensitivity of Cyt
chromatography. All of the Apaf-1 present in extractsc2/2 cells to various proapoptotic stimuli is displayed in
from Cyt c2/2 cells treated with staurosporine was con-Figure 5K.
tained in chromatographic fractions corresponding to
its monomeric form (Figure 6B, fractions 13±15). Apaf-1
Cells Devoid of Cytochrome c Are Impaired also was detected exclusively in monomeric form in Cyt
in Apaf-1-Mediated Caspase-3 Activation c2/2 cells subjected to UV irradiation (data not shown).
In three independent experiments, no activation of cas- On the other hand, Apaf-1 in extracts from wild-type
pase-3 was observed in Cyt c2/2 cells treated with UV cells was present both in monomeric form and in chro-
irradiation or staurosporine at doses that activate cas- matographic fractions consistent with higher order
pase-3 in wild-type cells. A representative experiment oligomeric complexes (Figure 6B, fractions 11±12). The
is shown in Figure 6A. Active caspase-3 was readily proportion of Apaf-1 contained within large oligomeric
complexes from Cyt c1/1 cells was increased by stauro-observed, however, in Cyt c2/2 cells treated with TNFa
Apoptosis in Cells Lacking Cytochrome c
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Figure 4. DNA Fragmentation in Cyt c2/2 or Cyt c1/1 Cells in Re-
sponse to Proapoptotic Stimuli
(A) Cyt c2/2 or Cyt c1/1 cells were cultured for 24 hr in the presence
(1) or absence (2) of 2 mM staurosporine (STS).
(B) Cells were irradiated by UV light for 2 to 15 s (s) and then
incubated in fresh medium for 24 hr.
(C) Cells were cultured for 24, 48, or 72 hr (hr) in the absence of
fetal bovine serum (2FCS).
(D) Cells were cultured for 24 hr in the absence (2) or presence
(1) of 5 ng/ml TNFa or in 2 ng/ml TNFa combined with 1 mg/ml
cycloheximide (CHX). Genomic DNA was prepared as described in
the Experimental Procedures. Aliquots of 20 mg of DNA were loaded
in each lane, separated by agarose gel electrophoresis, and visual-
ized by ethidium bromide staining.
sporine (Figure 6B). These findings are consistent with
previous results from experiments performed under cell-
free conditions that demonstrated a requirement for cy-
tochrome c to promote the formation of high±molecular
weight complexes containing oligomeric forms of Apaf-1
(Zou et al., 1999).
Cells Devoid of Cytochrome c Survive Stimuli
that Are Lethal to Wild-Type Cells
As an additional assessment of the relative sensitivity
of Cyt c1/1 and Cyt c2/2 cells to various apoptotic stimuli, Figure 5. Chromatin Condensation and Cell Death Induced by Apo-
ptotic Stimuli Applied to Cyt c2/2 and Cyt c1/1 Cellswe compared the long-term survival of cells of each
(A±J) Fluorescence microscopy of Cyt c2/2 and Cyt c1/1 cells stainedgenotype following UV irradiation (8±12 s) or administra-
with Hoechst 33342. Cells were examined under control conditionstion of staurosporine (2 mM for 2±6 hr). As shown in
(A and B) or following each apoptotic stimulus: (C and D) 18 hr afterFigures 7A and 7B, Cyt c2/2 and Cyt c1/1 cells derived
8 s of UV irradiation; (E and F) 18 hr in the presence of 2 mMfrom E8.5 mouse embryos have a similar morphological
staurosporine (STS); (G and H) 72 hr in the absence of fetal calf
appearance under unstressed conditions. When exam- serum (2FCS); and (I and J) 24 hr in the presence of 5 ng TNFa/ml.
ined 3 days following UV irradiation, apparently healthy Examples of chromatin condensation are indicated by open arrows,
and examples of dye-permeable cells are indicated by solid arrows.clusters of proliferating Cyt c2/2 cells are observed (Fig-
Bar 5 50 mm.ure 7C), while few surviving Cyt c1/1 cells are evident
(K) Quantification of chromatin condensation and total cell death.(Figure 7D). In cultures of Cyt c2/2 cells examined imme-
Chromatin condensation and total cell death were expressed asdiately following a 6 hr exposure to staurosporine, a
percentages of total cells (150±250) counted in each sample. Total
considerable number of cells retain a relatively normal dead cells 5 chromatin-condensed cells 1 dye-permeable cells.
morphology (Figure 7E) while virtually all Cyt c1/1 cells Numbers on the horizontal axis depict the sampling times, in hours,
from the starting point of treatment.have assumed a rounded shape indicative of cellular
Cell
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mids containing murine somatic or testis-specific cyto-
chrome c cDNAs under the control of a CMV promoter
were capable of growth in the absence of supplemental
uridine and pyruvate, indicating recovery of mitochon-
drial respiratory function (Figure 8B). Cell lines derived
in this manner were shown to express cytochrome c at
levels ranging from approximately 5% to 100% of that
present in wild-type (Cyt c1/1) cells and to undergo UV-
induced apoptosis under conditions in which cells de-
void of cytochrome c are resistant (Figure 8A).
Discussion
Cytochrome c Is Required for Apoptotic Signaling
in Response to Cellular Stress
The important function of cytochrome c for mitochon-
drial oxidative phosphorylation has been extensively
characterized over many years (reviewed in Salemme,
1977), but the recent discovery that this small protein
also functions in apoptotic signaling mechanisms (Liu
et al., 1996) was greeted initially with surprise and skepti-
cism. Many subsequent studies have supported the hy-
pothesis that leakage of cytochrome c from mitochon-
dria triggers the terminal events of programmed cellFigure 6. Assays for Active Caspase-3 and Oligomeric Apaf-1 Com-
plexes Induced In Vivo by Proapoptotic Stimuli in Cyt c2/2 and Cyt death, and many components of the molecular machin-
c1/1 Cells ery involved in this process have been characterized
(A) Detection of caspase-3 by immunoblot. Cellular proteins were (reviewed in Green and Reed, 1998). The functions of
extracted from Cyt c2/2 or Cyt c1/1 cells cultured under control other known components of pathways leading to apo-
conditions (C) or following exposure to apoptotic stimuli. Cells were ptosis, including the Bcl-2 family of proteins, caspases,
harvested 18 hr following 8 s of UV irradiation or 10 hr after introduc-
Apaf-1/Ced4, and components of the death-inducingtion of 2 mM staurosporine (STS) to the culture medium. Other cul-
signal complex (DISC) on the plasma membrane havetures were harvested after 18 hr in the presence of 5 ng TNFa/ml
been defined by genetic analyses (reviewed in Vauxor the combination of TNFa (2 ng/ml) and cycloheximide (CHX, 1
mg/ml). An aliquot of 100 mg of protein was loaded in each lane. and Korsmeyer, 1999). However, genetic tests of the
The active form of caspase-3 was detected using a monoclonal apoptotic signaling function ascribed to cytochrome c
antibody specific for the active (processed) form of caspase-3 (Phar- have not been performed previously in any species be-
mingen). The precursor (inactive) form of caspase-3 was detected
cause of the essential requirement for this protein withusing a different monoclonal antibody specific for the unprocessed
respect to mitochondrial respiration. We were able toprotein (Transduction Lab).
circumvent this difficulty using a combination of mouse(B) Detection of Apaf-1 in protein fractions collected from a Super-
dex-200 column. Cyt c2/2 and Cyt c1/1 cells were cultured in the genetics and specialized cell culture techniques, so as
presence (1) or absence (2) of 2 mM staurosporine (STS) for 6 hr. to provide the previously missing genetic test of the role
Preparation of an S-100 fraction and gel filtration were performed of cytochrome c in apoptotic signaling mechanisms.
as described in the Experimental Procedures. Fraction numbers are As anticipated, cytochrome c null mice die early dur-
indicated on each lane. Western blots were probed with anti-Apaf-1
ing embryonic development, presumably on the basisantibody (Zou et al., 1999), and recombinant Apaf-1 purified from a
of defective mitochondrial oxidative phosphorylation.baculovirus expression system was used as a reference (Zou et al.,
No viable embryos of the Cyt c2/2 genotype were ob-1999). The peak positions of three molecular weight markers are
indicated. Arrows indicate Apaf-1, and asterisk indicates an anony- served beyond E10.5. Embryos lacking cytochrome c
mous band that cross-reacts with the anti-Apaf-1 antibody. exhibit a developmental delay that is similar to that noted
previously in murine embryos devoid of mitochondrial
transcription factor A (mtTFA or TFAM) (Larsson et al.,injury (Figure 7F). Cultures maintained for 14 days after
1998). In the absence of TFAM, embryos fail to maintainstaurosporine exposure contain many colonies of Cyt
mitochondrial DNA, resulting in defective oxidativec2/2 cells (Figures 7G and 7I), in contrast to cultures of
phosphorylation due to the loss of protein componentsCyt c1/1 cells in which the few surviving cells display
of the electron transport chain that are encoded withinabnormal morphology (Figure 7H) and impaired growth
the mitochondrial genome. Cyt c2/2 embryos maintain(Figure 7J). Quantitative cell and colony counts (Figures
normal concentrations of mitochondrial DNA (data not7K and 7L) confirm the ability of cells lacking cytochrome
shown) but are expected to manifest a similar functionalc to survive exposure to otherwise lethal proapoptotic
defect in oxidative phosphorylation to TFAM2/2 animals.stimuli.
We could discern no gross differences in patterns of
apoptosis detected by immunohistochemistry of acti-Stress-Induced Apoptosis Is Restored to Cyt c2/2
vated caspase-3 in Cyt c2/2 and Cyt c1/1 embryos atCells by Expression of Exogenous
E8.5 (data not shown), but additional studies are neededCytochrome c Proteins
to reach definitive conclusions on this point. Fortu-The apoptosis-resistant phenotype of Cyt c2/2 cells was
itously, energy metabolism in cells devoid of cyto-rescued when cytochrome c was expressed as a
transgene product. Cells transfected stably with plas- chrome c is sufficient to sustain viability and growth of
Apoptosis in Cells Lacking Cytochrome c
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Figure 7. Enhanced Survival and Prolifera-
tion of Cyt c2/2 Cells after Cell Stress
(A and B) Control cells without any treatment,
indicated by C. Bar 5 200 mm.
(C and D) Cyt c2/2 and Cyt c1/1 cells were
irradiated by UV light for 8 s and then cultured
in fresh growth medium for 3 days.
(E±J) Cyt c2/2 and Cyt c1/1 cells were cultured
in the presence of 2 mM staurosporine (STS)
for 6 hr (E and F) and then switched to fresh
growth medium to recover for 14 days. A pro-
liferating colony of Cyt c2/2 cells (G) is com-
pared to quiescent and dysmorphic Cyt c1/1
cells (H). Cells fixed in 95% ethanol and
stained by Gram Crystal Violet (I and J) show
many colonies in the Cyt c2/2 cell culture but
none in the Cyt c1/1 dish.
(K) Quantitative survival rates of Cyt c2/2 and
Cyt c1/1 cells after UV irradiation. Cells were
subjected to 8, 10, or 12 s of UV irradiation
and then cultured in fresh medium for 3 days.
Survival rates following UV irradiation were
calculated relative to sister cultures that were
not irradiated, but otherwise maintained un-
der identical conditions.
(L) Cell colony counts in cultures of Cyt c2/2
and Cyt c1/1 cells treated with 2 mM stauro-
sporine for 2, 4, and 6 hr and maintained in
fresh medium for 14 days. Cell density at the
initial time point was 1.45 3 106 per 60 mm
dish.
the embryo to a stage where it is feasible to harvest and does not appear to be attributable to induction of cell
survival pathways resulting from chronic respiratory de-culture embryonic cells deficient in cytochrome c.
Cyt c2/2 cells fail to activate the caspase-3 pathway ficiency. Cell survival pathways mediated by JNK, PI3K/
Akt, or NF-kB are not activated constitutively in Cyt c2/2in response to several different proapoptotic stimuli.
Apaf-1 protein in Cyt c2/2 cells remains in a monomeric cells in the absence of additional inducing stimuli, and
apoptotic signaling is restored to Cyt c2/2 cells trans-state under conditions in which Apaf-1 is incorporated
into large heteroligomeric complexes in wild-type cells. fected to express murine cytochrome c. This latter result
indicates that cell lines derived from Cyt c2/2 embryosThe resistance of Cyt c2/2 cells to acute apoptotic stimuli
Cell
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apparently normal apoptotic signaling in response to
staurosporine or serum starvation (Jacobson et al.,
1993; Jiang et al., 1999), despite a complete and chronic
defect in mitochondrial oxidative phosphorylation (King
and Attardi, 1989). Cytochrome c is present and distrib-
uted normally within mitochondria of unstressed r0
cells, and its release in response to staurosporine, as
well as the subsequent activation of caspase-3 and ter-
minal events of the cell death program, are conserved
in the absence of mitochondrial DNA (Jiang et al., 1999).
These previous reports establish that oxidative phos-
phorylation is not required for stress-induced apoptosis
and suggest that the resistance of cytochrome c±defi-
cient cell lines to apoptotic stimuli is not simply a func-
tion of defective mitochondrial respiration. The present
data, however, cannot completely exclude the possibil-
ity that mitochondrial function and altered substrate de-
pendency of cells devoid of cytochrome c may differ in
some manner from that of r0 cells, thereby promoting
an apoptosis-resistant phenotype through currently un-
known mechanisms that are distinct from the defect in
cytochrome c±dependent Apaf-1 oligomerization that
we report here. This possibility would be addressed
most rigorously by restoration of respiratory function to
cytochrome c2/2 cells with a variant form of cytochrome
c that is competent for electron transport but defective
in Apaf-1 binding, and the identification of a mutated
protein with these properties is a goal of future research.
Discrete Apoptotic Signaling Pathways Are
Revealed by Analysis of Cyt c2/2 Cells
Cells lacking cytochrome c are resistant to apoptosis-
promoting effects of DNA damage evoked by UV irradia-
tion or the chemotherapeutic agent etoposide (data not
shown). In addition, apoptotic responses to serum with-
drawal or the protein kinase inhibitor staurosporine are
markedly blunted. These findings suggest that no other
cellular proteins can substitute fully for cytochrome c
to promote oligomerization of Apaf-1 and caspase-3
activation via the cell stress or mitochondrial death-
promoting pathway. The observation that Cyt c2/2 cells
are resistant to these proapoptotic stimuli is consistent
with experimental data generated using cells lackingFigure 8. Stable Transfection and Expression of Exogenous Cyto-
chrome c in Cyt c2/2 Cells Apaf-1 or caspase-9, the factors proposed to act down-
stream in the cytochrome c±mediated apoptotic path-(A) Restoration of apoptotic signaling. Cytochrome c expression
and DNA fragmentation following UV irradiation in Cyt c1/1 and Cyt way (Cecconi et al., 1998; Hakem et al., 1998; Kuida et
c2/2 cells and in cell lines derived from the parent Cyt c2/2 line al., 1998; Yoshida et al., 1998).
following transfection to express murine testis-specific (T) or so- Cells lacking cytochrome c remain sensitive to TNFa
matic (S) isoforms of cytochrome c. For immunoblot analysis, ali-
treatment, a finding that also is consistent with the analy-quots of 50 mg of whole cell protein extract were examined in each
sis of cells devoid of Apaf-1 or caspase-9 (Cecconi etlane. a-tubulin serves as a control for integrity of cellular proteins
al., 1998; Hakem et al., 1998; Kuida et al., 1998; Yoshidaduring the extraction and immunoblot procedures. For assessment
of DNA fragmentation, aliquots of 20 mg of DNA were loaded in each et al., 1998). Thus, the apoptotic pathway initiated by
lane, separated by agarose gel electrophoresis, and visualized by TNFa is intact in the absence of cytochrome c, validating
ethidium bromide staining. the parallel nature of the death receptor and cellular
(B) Restoration of respiration. Cyt c2/2 cells and stably transfected
stress pathways. In certain cell types, apoptosis stimu-cells derived from the parent Cyt c2/2 line that express murine testis-
lated by ligand binding to cell surface death receptorsspecific (Cyt c2/2, T) or somatic (Cyt c2/2, S) isoforms of cytochrome
is partially dependent on activation of the mitochondrialc were cultured in medium without uridine and pyruvate. The me-
dium was changed regularly, and cell numbers were counted at 24 death pathway, with the connection provided by Bid
hr intervals. protein (Yin et al., 1999). In contrast, the embryo-derived
cells employed in our experiments become hypersen-
sitive to TNFa when cytochrome c is absent. This inter-have not undergone mutations that confer an irreversible
antiapoptotic phenotype. esting observation suggests a previously unrecognized
interaction between the two parallel pathways for apo-In previous studies, human fibroblasts or osteosar-
coma cells depleted of mitochondrial DNA (r0) maintain ptotic signaling, in which a defect in one upregulates
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AACCACCAGGAGGCAACTGT) were combined in the same PCRthe other. Previously defined interactions between mito-
reaction (Figure 1). The PCR products were analyzed directly orchondria, p21, and procaspase-3 may be pertinent to
after by HindIII digestion. The 1.2 kb PCR product from the Cyt c2this regulatory circuit (Suzuki et al., 1999).
allele was verified further by subcloning and sequencing. The two
ES clones used to generate mice used for these experiments also
Evolutionary and Medical Implications of Cytochrome were characterized by Southern blot to confirm the correct genomic
organization of the targeted allele and to exclude the presence ofc as a Bifunctional Protein
multiple integrations of the targeting vector (data not shown).The bifunctional role of cytochrome c in both the elec-
tron transport chain and Apaf-1-mediated caspase-3
Mouse Embryo Analysisactivation is not shared among all eukaryotes. For exam-
Whole embryos were observed and photographed using a dis-ple, Apaf-1 and caspase-9 are not expressed in yeast
secting microscope. Embryonic stage (days post coitum) was esti-(Mewes et al., 1997), and cytochrome c from S. cerevis-
mated by timed pregnancies and somite counts. The embryos and
iae is ineffective in activating caspases of vertebrate decidua were fixed in 10% formalin, embedded in paraffin, sec-
origin under cell-free conditions (Kluck et al., 1997). tioned, and stained with hematoxylin and eosin (H&E). Yolk sac
or small portions of embryos were manually dissected from grossThus, the acquisition of an apoptotic signaling function
embryos or collected by laser capture microdissection (Bonner etby cytochrome c appears to have arisen in metazoa as
al., 1997) from histologic embryo sections, prior to treatment witha means to eliminate cells with damaged mitochondria.
proteinase K and Chelex 100 (Walsh et al., 1991) and genotypingªStressº signals, such as DNA damage or reactive oxy-
by PCR as above.
gen species, are relayed through mitochondria to cause
release of cytochrome c and activation of the terminal
Culture of Embryonic Cells
events of the cell death program. Other apoptosis- Embryos between E8 and E9 were dissected out of decidua, and
inducing factors such as AIF (Susin et al., 1999) are all maternal tissues were removed under the dissection microscope.
derived from mitochondria, but our current results indi- After being cut into small pieces, embryos were soaked in 0.05%
trypsin at 48C for 30 min and then incubated at 378C for up to 1cate that such proteins cannot compensate fully for the
hr. Trypsin digestion was stopped by adding Dulbecco's modifiedabsence of cytochrome c to sustain the mitochondrial
Eagle's medium (DMEM) supplemented with 20% fetal bovine serumdeath pathway in response to stress signals.
(FBS), 50 mg/L uridine, 110 mg/L pyruvate (King and Attardi, 1989),
In a number of recent studies, release of cytochrome 2 mM glutamine, 13 nonessential amino acids, 29-mercaptoethanol,
c and activation of caspase-3 have been observed as and 100 U/ml penicillin and streptomycin (BRL-GIBCO). The cell
a feature of degenerative diseases in humans, including suspension was transferred onto a feeder layer of mouse embryonic
fibroblasts (MEF) rendered quiescent by X-ray exposure (Abbon-cardiomyopathy (Narula et al., 1999) and Alzheimer's
danzo et al., 1993). After 2 to 4 weeks, embryonic cells were cultureddisease (Gervais et al., 1999). Further elucidation of the
without MEF, and mouse leukemia inhibitory factor (BRL-GIBCO)apoptotic signaling functions of cytochrome c could
(0.5±1 3 106 units per liter) was added to the medium. The growth
advance understanding of these and other clinical dis- profile of embryonic cells was determined by counting viable cells
orders. that exclude trypan blue.
Experimental Procedures Induction and Assessment of Apoptosis
UV irradiation was performed under a Sterilamp (Philips, G36T3L)
Cloning of Cytochrome c Gene and Construction at a distance of 7.25 inches. For the DNA fragmentation assay,
of the Targeting Vector cultured cells were digested in buffer containing 25 mM Tris-HCl
A mouse 129SVJ genomic library (Stratagene) was screened by (pH 7.5), 10 mM EDTA, 100 mM NaCl, 0.5% SDS, and 1 mg/ml
plaque hybridization as previously described (Li and Williams, 1995), proteinase K at 558C for overnight. After phenol/chloroform extrac-
using a DNA probe amplified by PCR from the 59 promoter region tion, DNA was precipitated at 2808C, centrifuged at 48C for 15 min,
of the mouse somatic cytochrome c gene (Hake and Hecht, 1993). and resolved by 1.5% agarose gel electrophoresis. For assessment
The targeting vector was constructed in pBluescript (Stratagene) of chromatin condensation, cells were harvested by trypsin incuba-
by insertion of a 7.2 kb DNA fragment containing the 59 flanking tion, washed in PBS, and stained with 2 mg/ml of Hoechst 33342 in
region of the cytochrome c gene, a neomycin resistance cassette, DMEM. From among a total of 150±250 cells in each culture, dye-
a 1 kb DNA of 39 flanking DNA, and a thymidine kinase marker permeable, dye-impermeable, and chromatin-condensed cells were
(Figure 1). The final construct was verified by restriction analysis counted.
and partial sequencing.
Protein Extract, Immunoblots, and In Vitro AssayGeneration of Knockout Mice
of Caspase-3 ActivationThe linearized targeting vector was electroporated into mouse ES
Cells were lysed in buffer A (Liu et al., 1996) with 0.5% CHAPS (3[(3-cells derived from the 129SVJ strain (Fisher et al., 1998). ES clones
cholamidoprohyl) dimethylamine]-1-propane sulfonate). The cellularresistant to G418 were picked and screened for the targeted cyto-
protein suspension was cleared by centrifugation at 8000 g for 10chrome c allele. Five clones (10%) were confirmed through a second
min and again at 100,000 g for 1 hr. The proteins were separated byround of screening. Two of the positive ES clones were injected
SDS-PAGE and probed by antibodies against cytochrome c (Phar-into blastocysts derived from C57/BLK6 mice. Two lines of mice
mingen), the precursor form of caspase-3 (Transduction Lab), or thecarrying the targeted cytochrome c allele in the germline were estab-
activated form of caspase-3 (Pharmingen) as previously describedlished from two independent ES cell clones, and heterozygous (Cyt
(Liu et al., 1996). Labeling of caspase-3 precursor with [35S]-methio-c1/2) animals were crossed to generate Cyt c2/2 embryos. The pheno-
nine and the in vitro assay of caspase-3 activation were performedtypic consequences of cytochrome c deficiency appeared to be
using the same protein extracts and reaction conditions describedequivalent in offspring of both of these separately derived lines of
previously (Liu et al., 1996; Zou et al., 1999).transgenic mice.
Genotyping Assessment of Apaf-1 Oligomerization
Confluent dishes of Cyt c2/2 or Cyt c1/1 embryonic cells were incu-A competitive PCR method was used to assess the cytochrome c
null (Cyt c2) and wild-type (Cyt c1) alleles simultaneously. An oligo bated in growth medium with 2 mM staurosporine for 6 hr. S-100
fractions were prepared as above, and aliquots of 150±200 mg ofprimer (59-CATCTCAACGGCTTATTATGACTTT) common to the
Cyt c2 and Cyt c1 alleles and two primers specific to Cyt c2 the S-100 proteins were fractionated by Smart System Superdex-
200 gel filtration (Amersham-Pharmacia). Fractions of 100 ml each(59-GCTAAAGCGCATGCTCCAGACTG) or Cyt c1 alleles (59-GCT
Cell
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were collected and subjected to immunoblot analysis using an anti- Green, D.R., and Reed, J.C. (1998). Mitochondria and apoptosis.
Science 281, 1309±1312.body against human Apaf-1.
Hake, L.E., and Hecht, N.B. (1993). Utilization of an alternative tran-
Assays for NF-kB, JNK, and PI3K/Akt Activation scription initiation site of somatic cytochrome c in the mouse pro-
For electrophoretic mobility shift assays (EMSA), cells were lysed duces a testis-specific cytochrome c. J. Biol. Chem. 268, 4788±4797.
in whole cell extraction buffer (20 mM Tris-HCl [pH 7.5], 0.4 M NaCl, Hake, L.E., Alcivar, A.A., and Hecht, N.B. (1990). Changes in mRNA
10% glycerol, 1 mM DTT, 1 mM EDTA, 1 mM PMSF, 10 mg/ml length accompany translational regulation of the somatic and testis-
leupeptin, and 0.1% NP40). Protein extracts (20 mg) were incubated specific cytochrome c genes during spermatogenesis in the mouse.
with a [32P]-labeled oligonucleotide probe consisting of a high-affin- Development 110, 249±257.
ity NF-kB binding site (59-AGTTGAGGGGACTTTCCCAGGC-39), and Hakem, R., Hakem, A., Duncan, G.S., Henderson, J.T., Woo, M.,
DNA:protein complexes were resolved by 4% polyacrylamide gel Soengas, M.S., Elia, A., de la Pompa, J.L., Kagi, D., Khoo, W., et al.
electrophoresis. For immunoblot analysis, cells were lysed in extrac- (1998). Differential requirement for caspase 9 in apoptotic pathways
tion buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% NP-40, 20 in vivo. Cell 94, 339±352.
mM b-glycero-phosphate, 20 mM NaF, 0.5 mM Na3VO4, 0.2 mM
Heiskanen, K.M., Bhat, M.B., Wang, H.W., Ma, J., and Nieminen,EGTA, 1 mM DTT, 1 mM PMSF, and 5 mg/ml of leupeptin, pepstatin,
A.L. (1999). Mitochondrial depolarization accompanies cytochromeand chymostatin, respectively). Protein extracts were resolved by
c release during apoptosis in PC6 cells. J. Biol. Chem. 274, 5654±12% SDS-PAGE, and immunoblots were probed with antibodies
5658.directed against IkBa, JNK, and Akt. JNK and Akt also were as-
Jacobson, A.D., Burne, J.F., King, M.P., Miyashita, T., Reed, J.C.,sessed by antibodies that selectively recognize the activated forms
and Raff, M.C. (1993). Bcl-2 blocks apoptosis in cells lacking mito-of these proteins. Activation of NF-kB was induced by 20 ng/ml
chondrial DNA. Nature 361, 365±369.TNFa; Akt was activated by 50 ng/ml PDGF; JNK was activated by
an 8 s exposure to UV irradiation. Jiang, S., Cai, J., Wallace, D.G., and Jones, D.P. (1999). Cytochrome
c-mediated apoptosis in cells lacking mitochondrial DNA. J. Biol.
Chem. 274, 29905±29911.Stable Transfection of Cyt c2/2 Cell Lines
Full-length murine cDNAs encoding either somatic cytochrome c or King, M.P., and Attardi, G. (1989). Human cells lacking mtDNA: re-
the testis-specific isoform were inserted into the multiple cloning population with exogenous mitochondria by complementation. Sci-
site of pcDNA3.1/Hygromycin (Invitrogen) so as to place the ence 246, 500±503.
transgenes under the control of a CMV promoter. Plasmids were Kluck, R.M., Martin, S.J., Hoffman, B.M., Zhou, J.S., Green, D.R.,
introduced into Cyt c2/2 cells using Fugen 6 reagent (Roche), and and Newmeyer, D.D. (1997). Cytochrome c activation of CPP32-like
cells were cultured in growth medium containing 200 mg/ml hygro- proteolysis plays a critical role in a Xenopus cell-free system. EMBO
mycin and without supplemental uridine and pyruvate. Surviving J. 16, 4639±4649.
cell lines were isolated and expanded for subsequent analyses to Kroemer, G., Dallaporta, B., and Resche-Rigon, M. (1998). The mito-
quantitate levels of cytochrome c, to assess cell growth in the ab- chondrial death/life regulator in apoptosis and necrosis. Annu. Rev.
sence of supplemental uridine and pyruvate, and to detect apoptosis Physiol. 60, 619±642.
(DNA laddering) following UV irradiation.
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